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Abstract

An active structural acoustic control system has been demonstrated

on a Raytheon Aircraft Company 1900D turboprop airliner. Both single

frequency and multi-frequency control of the blade passage frequency

and its harmonics was accomplished. The control algorithm was a

variant of the popular filtered-x LMS implemented in the principal

component domain. The control system consisted of 21 inertial actuators

and 32 microphones. The actuators were mounted to the aircraft's ring

frames. The microphones were distributed uniformly throughout the

interior at head height, both seated and standing. Actuator locations

were selected using a combinatorial search optimization algorithm. The

control system achieved a 14 dB noise reduction of the blade passage

frequency during single frequency tests. Multi-frequency control of the
first 1st, 2 "_ and 3 '_ harmonics resulted in 10.2 dB, 3.3 dB and 1.6 dB

noise reductions respectively. These results fall short of the predictions

which were produced by the optimization algorithm (13.5 dB, 8.6 dB and

6.3 dB). The optimization was based on actuator transfer functions

taken on the ground and it is postulated that cabin pressurization at

flight altitude was a factor in this discrepancy.

Introduction

An active structural acoustic control (ASAC) system has been demonstrated on a Raytheon Aircraft

Company 1900D turboprop airliner. The ASAC approach has been in development for several years

[1,2,3,4,5,6] and has been demonstrated previously in at least one other test [34]. ASAC differs from the

more common active noise control (ANC) [35,36,37,7,8,9] approach in actuation method; ANC using

loudspeakers versus ASAC's structural actuators. For this flight test, inertial actuators were employed

which were mounted directly to the 1900D frame. The ASAC approach has been pursued with the

expectation that a mature design will be more cost effective than an ANC system of comparable

performance. Improvements are expected in installation costs, channel count and channel power

requirements.

Two new technologies were tested in the ASAC design. The filtered-x LMS [10,11,12] controller was

implemented in the principal component domain [13]. This uncoupled architecture makes possible

processing efficiencies and controller stability beyond that of conventional controllers. Also, the actuator

locations were optimized using combinatorial search techniques that were directed by predictions of noise

reduction and control force [14,15]. Proper positioning of ASAC actuators has been shown to be critical

in achieving good noise control [5,6,16].

The flight test objectives were to demonstrate stable noise control of the first 3 harmonics of the blade

passage frequency, bpf, verifying controller performance and validating the optimization predictions.

Both single frequency and multi-frequency control were accomplished.

The following sections present a description of the principal component controller, the optimization

procedure, the 1990D and the test configuration. Results are presented and discussed, and concluding
remarks offered.

3_



Principal Component Controller

A principal component least mean squares (PC-LMS) algorithm was used as the adaptive control

algorithm for these flight tests. This algorithm is a transform domain version of the muki-channel

filtered-x LMS algorithm [7,12], and is described in detail elsewhere [13]. In PC-LMS the controller

parameters (filter weights) are adapted in a transformed coordinate system that decouples the feedforward

control system at a single frequency. Each control channel is independent of every other channel. In

contrast, the filter weights for the filtered-x algorithm are adapted in a coordinate system defined by the

control actuators, which are not usually independent of one another and can often show high degrees of

inter-channel coupling when many actuators are used. By decoupling the control channels, convergence

rates and control effort penalties can be set for each channel independently.

A block diagram of a feedforward controller based on the multiple error LMS algorithm is shown in

Figure 1. The response of the error sensors is given by the (mxl) vector e, and at a frequency m as
described by the expression

e(co)= H(co)w(co)+ d(co) (1)

The (rxl) vector w contains the control inputs to the actuators, and the (mxr) matrix H contains transfer

functions from the output of each actuator to the input of each error sensor at the frequency m. The

(mxl) vector d holds the error sensor responses to the primary noise field, and is called the primary

response. The matrix I_I(z) is an estimate of the error path transfer function matrix H(z), and filters the

incoming reference signal as part of the multiple error LMS algorithm [12].

Each term in ( 1 ) depends on frequency co, and this dependence is implicitly understood in subsequent

equations. The frequency domain representation in ( 1 ) describes the controller operating at steady state,

with no transients, and should not be used to analyze the effect of delays in the error path transfer
functions on the controller [7,11].

The PC-LMS algorithm is obtained by substituting the singular value decomposition (SVD) of H into

( 1 ). The SVD of H is written

H = USV u (2)

where ()H denotes the complex conjugate transpose. The (mxm) matrix U and (rxr) matrix V contain

the eigenvectors of HH H and H_H, respectively. The (mxr) matrix S contains the square roots of the

eigenvalues, or singular values, of H_H. The singular values are decreasing, such that sI > s2 > ...> sr ,

where si is the i'h singular value.



SubstitutingtheSVDof H into( 1) yields

e=USVUw+d (3)

UUe = SVUw + UUd
(4)

_'e =Sv +p (5)

The columns of U and V are used to transform sensor inputs and actuator responses, respectively, into the

principal coordinates, or principal components (PCs), of the control system [13,17]. The vector _ = UHe

denotes the mapping of the sensor responses onto the PCs, and v = VHw denotes the mapping of the

actuator inputs onto the PCs. The vector p = UHd is the mapping of the primary field onto the PCs.

Expanding the transformed system given by ( 5 ) term by term produces

_i - I sy_ + p_ fori=l,...,r
-[p_ fori=r+l,...,m

(6)

assuming there are more error sensors than control actuators. Each PC error term, _i, thus depends only

on the corresponding PC control input, vi, and the mapping of the primary response onto the i'h PC. The

last (r+l) through m PCs are not controllable, and constitute the residual field after control is applied.

Figure 2 contains a schematic of a feedforward control system implemented using the PC-LMS algorithm.

The filter weights, v, are adapted in terms of the PCs of the controller, and then transformed using V into

actuator coordinates. The sensor responses are likewise transformed into PC coordinates using U H and

used in the recursive updates of the filter weights in PC coordinates.

A recursive update for the PC control inputs, vi, is easily derived from the weight update expression used

in the multiple error LMS algorithm. The adaptive algorithm for the i'hPC weight, v i , is written [13]

+ (7)

Combining the step size, gi, and singular value, s,, into a single value yields a generalized update,

v,(n+O:v,(n)-a,¢,(n) (8)

where c_i is the step size parameter for the i th principal component.

It is often necessary to constrain the control outputs so they do not exceed physical limitations of the



controlactuators.Thiscanbedonein twowayswith thePC-LMSalgorithm:(1)disablethehighorder
PCchannelsassociatedwithhighcontrolforces[13,17,18],by zeroingthestepsizes,0q,or (2)applya
controleffortpenaltyto limit themaximumvalueof eachPCcontrolinput. Theupdaterecursionwith
controleffortpenalty,[3,iswritten

vi(n+l)=I1-]'ti[3i'_i(n)-ai_i(n)si
(9)

The noise reduction potential of candidate control systems is calculated during actuator location

optimization. For a feedforward control system, predictions of noise reduction and control effort require

knowledge of the transfer function matrix, H, the primary response, d, and an estimate of the coherence

between the reference and the primary response, 2 . The portion of the primary response at the fh

microphone that is coherent with the reference signal, and therefore controllable, is given by

d_Oh = diYi ( 10 )

2 .th •

In ( 10 ), _i is the coherence between the reference and the response of the 1 microphone. Applying the
PC transformation to the coherent portion of the primary response, de°" produces a vector of coherence

i

PC responses, denoted Dic°h. The predicted value of the control input to the i th PC is given by [13,17]

cob

-- siP ipred
Vi

The predicted control inputs in terms of actuator coordinates can be computed from the PC control inputs,
px'ed

V , as

W pred = VV pred
(12)

predThe predicted control inputs, w , can be used with the coherent primary response, d c°h in ( 1 ) toi '

estimate noise reduction. An alternative approach to estimating noise reduction is used during

optimization of actuator locations. This approach is explained in the following sections.

Actuator Location Optimization

An active noise control system's performance can be measured by the degree of noise reduction achieved

and is, thus, dependent on the placement of both the actuators and sensors. If sensor location is optimized

for greatest noise reduction, inevitably the optimum sensor topology would be one in which the sensors

are not uniformly distributed throughout the cabin interior. Because the ultimate metric of noise control

in aircraft interiors is the comfort of the passengers seated throughout the cabin, it was decided that a non-

optimized, uniform sensor array was the best approach. Using a uniform array also provides a measure of

the global control obtained by the system. Thus it is necessary to optimize actuator locations. Several

different methods have been applied to this problem [16,19,20,21,22,23,24,25,26]. A combinatorial



searchmethodwaschosenbasedon its simplicityandpastsuccessin its applicationto theactuator
optimizationproblem[15,27].

Combinatorial Search

A combinatorial search systematically examines all subsets of a large set of candidates, retaining those

that best meet some goal or performance criterion. For the purpose of optimizing actuator locations for

maximum noise reduction, a database of actuator responses at each candidate location must be

constructed and a procedure for predicting the noise reduction for any subset of actuators must be
established.

There are pitfalls to implementing a combinatorial search which can be avoided through proper choice of

technique. One problem is the size of the search space that must be traversed to locate the optimal subset.

As an example, consider an exhaustive search for a 25 element actuator array given 100 possible locations

for the actuators on the aircraft. The number of trials that must be done is given by the combination

operator:

(13)

where N a is the number of possible locations (100) and N is then size of the actuator array (25). This

yields over 2.4x1023 possible combinations. An alternative to exhaustive search is a goal directed search

in which the optimal set is continually refined in the direction of ever increasing noise reduction through

selective substitution. This method has the drawback that it might settle into a local minimum that is far

removed from the global optimum. Attempts to climb out of the local minimum are complicated by the

tendency for the search to eventually slide back into the same minimum, thus introducing cycling.

Tabu Search

The tabu search method avoids the pitfalls mentioned above and has been used successfully to construct

optimum arrays of actuators and sensors [15,27]. Tabu search maintains a list of past configurations (the

tabu list) which are checked regularly to prevent the cycling problem. Table I contains a list of

components that will be used in the following description of the tabu search algorithm.

1) Select an arbitrary state as Current State.
2) Loop for N_ Iterations

a) Put Current State on Tabu List

b) If Cost Function is minimum, save Current State.

c) Evaluate Cost Function of all States in Neighborhood.
d) Move to new Current State not on Tabu List which either

i) Reduces the Cost Function the most, OR,

ii) Increases the Cost Function the least

Using this algorithm, the search will climb out of a local minimum and not cycle back. A drawback of

the tabu search algorithm is that it is not guaranteed to find the global minimum for any fixed number of

iterations less than those required for an exhaustive search. However, experience has shown that, for the

actuator location problem, good solutions are found quickly. Taking again the example of finding the



best25actuatorlocationsoutof apossible100,eachiterationofthetabusearchalgorithmwill require75
evaluationsof thecostfunction(thesizeof theNeighborhood).Thetabusearchalgorithmwill typically
findagoodsolutionin lessthan100iterations(atotalnumberof 7,500evaluationsor trials).

Theeffectivenessof thetabusearchalgorithmhingesontheaccuracyof thecostfunction(predictednoise
reduction)andthecoverageof thecandidatepool. Absoluteaccuracyis notnecessaryfor optimization.
However,to maketradeoffsonthenumberof actuatorsneededtomeeta specificnoisereductiongoal,a
reasonablyaccuratepredictionisneeded.Acquiringthedatanecessaryto constructthecandidatepoolis
alsochallengingbecauseit requiresobtainingarepresentativesampleof theactuatorresponsesatall the
possiblelocations.Thenexttwosectionsreviewtheapproachestakenin thesetwoareas.

NoiseReductionPrediction

An expressionfor noisereductioncanbederivedfor thecontrolsystemasshownin Figure1usingthe
equationfor theresponseof theerrorsensorsgivenby ( 1) andrepeatedherefor thesinglefrequency
case.

en_m = HWop t + d ( 14 )

Maximum noise reduction is obtained when the error response, end1,is minimized. The LMS algorithm

will find the optimum control force, Wop,,by minimizing a cost function given by the squared norm of the

error response.

j = erie ( 15 )

An analytical solution exists for ( 15 ) [7,11,12] and is given by

Wopt = -(HHH)-IHHd
(16)

The predicted noise reduction in dB then becomes

/ (17)

The solution for the predicted noise reduction as given by ( 17 ) contains two important limitations. First,

the optimum control force in ( 16 ) is not limited by the maximum force specifications of the actuator, i.e.,

( 16 ) may specify forces well above the actuator's capability. Second, the coherence of the control signal

with the sound field is not taken into account. As discussed in section Principal Component Controller,

page 2, only the coherent part of the control signal is effective for noise control [11,28]. Methods of

incorporating actuator force constraints and coherence effects in ( 16 ) will be described in the next two
sections.



Actuator Force Constraints

Actuator forces can be constrained during operation of the LMS controller through the addition of a

control effort penalty to the cost function equation, ( 15 ) [18].

J = erie + wHRw ( 18 )

In ( 18 ) R is an arbitrary (rxr) weighting matrix and the term wHRw represents a control effort penalty.

The analytical solution for optimum control force now becomes

Wopt = -(HHH + R)-IHHd (19)

A constrained minimization procedure can be used to solve ( 19 ) for the forces which produce the

greatest noise reduction given a force limit. Although representative of what the actual control system

would do, such an approach greatly increases the computation required because a penalty factor must be

iteratively derived for every actuator in each new actuator set constructed during optimization. It has

been demonstrated [15], that a uniform penalty matrix, i.e., one in which the values of R are equal, is

adequate for purpose of finding an optimal actuator set as long as all calculated actuator forces are below

the constraint limit. A uniform penalty value, r., can be approximated using an expression derived by
Rossetti [18].

ru = Sm, x Smin ( 20 )
WN13x

In ( 20 ) Sin=and sn_n are the maximum and minimum singular values of the transfer function matrix, H,

respectively. The force constraint limit is w ..... . It has been observed that ( 20 ) produces a conservative

value for r,, that is, one in which the resultant forces are well below w,a x. However, this doesn't seem to

perturb the search from the optimal solution and once the optimum actuator set is found, the constrained

minimization procedure can be used to arrive at a better prediction of the actual noise reduction, ignoring,
of course, coherence effects.

Coherence in the Noise Prediction Solution

For given coherence, 7_, between the control signal and the primary source, the maximum, coherence

limited, noise reduction is given by [7,29].

AdB =lOlOglo(l-_ '2) (21)

This solution ignores force limits. To best predict the noise reduction of an actuator set, the effect of

coherence must be included in the constrained solution derived in the previous section.

Consider the primary sound field to be composed of coherent and incoherent parts. Assuming a



coherenceof _, onlythecoherentpartsof primarysoundfieldcanbecontrolled.

eC°h= Hw + d C°h ( 22 )

The coherent part of the primary sound field is dc°h and is given by ( 10 ). The associated coherent error

signal is ec°h. The solution for the optimum, constrained force is now

_oh _(HHH + RflHHd_OhW op t :
(23)

Solving (23) for the optimum constrained force, Wopt c°h and substituting into (22) will produce the
cob The total sound field is the sum of the coherent and incoherent parts.residual coherent sound field, e l_ .

The incoherent sound can be estimated by

(einC_ =dHd0-_/2) (24)

The predicted noise reduction now becomes

AdB :lUlOgl0[ dH-d _

(25)

coh

In the absence of constraint limits, the minimized coherent sound field, e_ , becomes zero by way of
perfect noise reduction and ( 25 ) reduces to ( 21 ).

Actuator Location Survey

Obtaining an accurate characterization of the acoustic response due to each actuator is important to the

optimization process. Methods to model the structural/acoustic response of an airframe at the fidelity

needed for the optimization process are not available. An empirical approach is thus employed where an

actuator is placed at each candidate location and the acoustic response sampled with an array of

microphones. To avoid the time consuming process of installing actuators at each location, it was

proposed that an actuator be clamped temporarily in position. The use of a single clamped actuator had

the drawback that the relationship between the clamped actuator response and that of an installed actuator

was in question. This relationship was further clouded given that, for the flight test, the actuators would

be installed in pairs, one on either side of the ring frame, both acting in phase to increase in-plane force

and to reduce tortional forces acting on the frame. A preliminary test was performed to validate the use of

the single clamped actuator for the survey. These results are discussed in the section titled Actuator

Authority, page 13.

The actuator is shown in Figure 3 mounted in the clamp. The clamp was able to be fitted to 82 locations

on the 1900D frame as shown in Figure 4. Thirty two microphones were mounted as described in the

section on Test Configuration. Transfer functions were obtained at the bpf and 4 higher harmonics.



Pressurization Effects

The actuator location survey was taken on the ground in an unpressurized cabin. The effects of cabin

pressurization were a concern due to the changes in the structural/acoustic actuator transfer functions that

might occur as the cabin stiffened under pressurization. If these changes were significant, they could

invalidate the actuator location optimization. Recent work [30] has demonstrated that pressurization

changes can have a pronounced effect on the performance and stability of an ASAC system. In [30] noise

control predictions were obtained using a finite element model of an aircraft fuselage section for

unpressurized and pressurized conditions. Both conditions use transfer functions obtained in

unpressurized conditions, see Table II. The 1S' harmonic exhibits some loss of control capability with

pressurization, but remains stable. The 2 na and higher harmonics, however, all become unstable and

uncontrollable. This is a strong indication that an actuator set optimized with ground-based transfer

functions will not perform as predicted once in-flight, especially at the higher harmonics. To increase

confidence in the actuator location optimization, it may be necessary to acquire the candidate transfer

under pressurized conditions, or even in flight.

Multi-Frequency Optimization

Multi-frequency actuator location optimization was accomplished using total noise reduction as given by

the weighted sum over the frequencies of interest as the search cost function.

J,o, = Z aZJi ( 26 )
i=1

The parameters, ai, are defined according to the weighting method used.. Three weighting methods were

evaluated: linear, dBA and loudness level as shown in Figure 5, Figure 6, and Figure 7 respectively. It

was originally intended to design the control system for the blade passage frequency and its first 4

harmonics. Loudness level weighting indicated there would be no subjective benefit from controlling the

higher harmonics. The linear (unweighted) results are similarly dominated by the fundamental. The A-

weighted curve shows that the 4 'h and 5 'h harmonic may not be worth controlling, but the 2 na and 3 ra

harmonics contribute to over half the noise reduction. For these reasons the optimization and control was

performed using both the linear (unweighted), and A-weighted cost functions.

PC Optimization

The noise control algorithm is implemented in the principal component domain as described in the

section, Principal Component Controller. One of the features of the PC controller is that increased

stability and performance can be achieved by not controlling the higher order principal components which

are associated with smaller singular values and higher control forces. This functionality can be simulated

by using the PC domain noise prediction equations as given by equations ( 10 ) through ( 12 ) to compute

the optimization cost function. However, this adds a great deal of computational overhead as the singular

value decomposition of each candidate actuator set must be taken before the associated noise reduction

(cost function) is computed.

An alternative approach has been used whereby the actuator force constraints are purposely set below

maximum force to bias the optimization procedure towards concentrating as much of the primary source

power in the low order, most efficient principal components as possible. As an example consider a 12



actuator, 32 microphone control system. Selecting a random set of actuators from the database of 82

possible locations results in singular values as shown in Figure 8. This shape for the singular values is

typical, regardless of optimization. The larger, low order, singular values have greater capacity for

controlling the acoustic power that is mapped into their respective domains. The fraction of the total

primary source acoustic power in the principal components for the random actuator set are shown in

Figure 9. This system will not achieve good noise reduction because too much acoustic power is

concentrated in the higher order PCs which are either uncontrollable or difficult to control (due to small

singular values). A set of actuators optimized using nominal constraints improves the design by shifting

more acoustic power into the 12 controllable PCs, Figure 10. Further improvement can be achieved by

overly constraining the maximum actuator force as shown in Figure 11. Here the majority of the acoustic

power is concentrated into the first few PCs, matching the authority available through the larger singular
values.

Optimization Results

The optimization results are presented in three sections. The first section describes a sensitivity analysis

which evaluates the consistency of the actuator survey data. The second section discusses the relationship

between the number of actuators and noise reduction. Finally, the third section describes the process by

which the optimized actuator set was derived.

Sensitivity Analysis

It has been observed during previous tests on NASA's Composite Cylinder [5,31] that the performance of

an optimized actuator set can vary widely with small changes in the actuator transfer functions. Figure 12

shows the sensitivity of the predicted noise reduction obtained with an optimum set of actuators on the

Composite Cylinder when the magnitude and phase of the actuator transfer functions are varied + 5% for

500 trials. Notice that the mean of the distribution is about 6 dB below the noise reduction predicted for

this set of actuators with the bulk of the distribution spreading over several dB. This indicates that small

errors or anomalies in acquiring the actuator transfer functions can have a large impact on optimization

results and thus lower the confidence that the predicted noise reduction of an optimized set will be
achieved.

The 1900D actuator set has been found to be insensitive to transfer function variation, see Figure 13.

Here, the noise reduction for the optimum set is -14.2 dB, just 0.5 dB from the mean of the distribution

with most of the distribution lying within 1 dB. It is thus highly likely that the optimum set will perform

as predicted (ignoring pressurization effects as discussed earlier).

Number of Actuators vs. Noise Reduction.

The number of actuators required for the control system was roughly estimated to be 24 actuator pairs

(see section, Actuator Authority, page 13). Once the actuator transfer functions became available, a better

estimate was made by constructing and evaluating optimum sets of several sizes. Figure 14 shows

predicted noise reduction for optimized actuator sets of 1 to 24 actuator-pairs. It can be seen from the

figure that the noise reduction obtained per added actuator-pair decreases after 12 actuators. Over 12 dB

of attenuation is achieved with 12 actuator pairs and just over 14 dB at 24 actuator-pairs. The 12 channel

system delivers 85% of the noise reduction with 50% of the actuators and may be considered a preferred

design. The 12 channel system is also a better test of the optimization procedure's capability in that the

design leaves less room for error compared to the added redundancy of the 24 channel system. During

the flight test, 2 configurations were tested, a full configuration using all (21) available actuator channels

10



andareducedconfigurationwith12channels.

Final Design

The actuator set used in the noise control flight tests was selected using an overly constrained

optimization (see section, PC Optimization) over the first 3 harmonics. Both 21 actuator-pair and 12

actuator-pair configurations were derived for the planned flight tests. The 12 actuator-pair configuration

was modified slightly so that it was a subset of the 21 actuator-pair set. Table III contains the frame-bay

locations for both the 21 actuator-pairs and the 12 actuator-pairs. Figure 15 shows the numbering of the

bays on the 1900D as viewed facing forward in the cabin. Figure 16 shows all 21 locations in a view

where the frames are unwrapped with bay #1 on the port or left side. The 1S'frame is closest to the

cockpit, just behind the door, and is placed at the top of the figure.

The predicted noise reduction is listed in Table IV for linear and A-weighted cases. Although the A-

weighting produces a smaller overall noise reduction figure, the value of the 1S' harmonic reduction is
identical to the linear case and the values of the 2na and 3ra harmonics increase only slightly. This is
further evidence of the dominance of the 1_'harmonic.

The actuator forces and primary source principal component distributions for the three harmonics are

plotted in Figure 17 through Figure 22. Actuator force is presented in terms of the voltage applied to the

actuator. During preliminary testing, it was found that a single actuator would tend to produce distortion

if operated much above 7.5 Vrms. To model an actuator pair, the total force summed across the three

harmonics was limited to 15 Vrms. The highest component of force for an actuator-pair was 11.6 Vrms
in the 2na harmonic, versus 9.1 Vrms in the 1_ and 8.5 Vrms in the 3ra. The total force is taken as the

square root of the sum of the squares of the forces across the 3 frequencies as it is desired to limit the

power dissipated in the actuator. The total force for the actuator-pairs is shown in Figure 23. The
maximum actuator force is 14.7 Vrms.

The noise controller used only the first 18 principal components due to processing limitations in the DSP

controller. Because of this, it was important to concentrate as much of the primary source in the first 18

principal components as possible. The principal components of the first harmonic are well constructed.

The 2 naharmonic PCs are good, while the 3ra harmonic PCs are only fair. The poor fit in the higher

harmonics may be due to the placement of the microphones. Although the singular value decomposition

creates an orthogonal coordinate system, the system is not guaranteed to relate to physical modes of the

structural acoustic system, especially if the mode structure is not sampled adequately. If the physical

modes are not present in the primary source PCs, then it can be expected that the actuator responses may

not map well. The section on Interior Noise Field will look more closely at this problem.

The Raytheon 1900D

The Raytheon/Beech 1990D, Figure 24, is one of the most widely used turboprop airliners in the industry.

The aircraft can carry 19 passengers 2900 km at a maximum cruise speed of 533 kph. The interior cabin

is shown in Figure 25. Other aircraft specifications are listed in Table V. The 1900D has a 4 blade

propeller with a blade passage frequency (bpf) of ~103 Hz. The twin engines are phase locked through a

synchrophaser at the shaft speed of 25.8 revolutions per second (rps).
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Interior NoiseField

Theinteriornoisefield wassampledbytheNavalResearchLabin preparationfor anearfield acoustic
holographystudy[32]. Althoughthisdatawasnotavailableforthisflight test,it servesasausefultoolin
understandingthenoiseenvironmentonthe1900D.Figure26showstheNRL microphonerig installed
in the1900D.Thecabinhadthetrim panelsandseatsremoved.Figure27 isadetaileddrawingof the
rigshowingmicrophoneplacement.A datasetwastakenevery16.5cmalongtheaxisthecabininterior.
If thepressurereadingstakenfromthemicrophoneslocatedaroundthecircumferenceof therig (fromA
throughI in Figure27)arearrangedin arowandeachacquisitionis stackedoneontheother,amapof
theacousticpressurealongtheinteriorbordersof theairframecanbeconstructedasshownin Figure28.
Figure29showstheareaof thefuselageoverwhichthescansweretakenin thecorrectorientationwith
respectto Figure28. A rowof pressuredatastartsat A, in thecenterof thefloor,goesto theportside-
wall,B,proceedsuptheportside-wallthroughCandDto thetopcenterofthefuselage,E, thenproceeds
downthestarboardsideto thefloorat H andbackto thecenterof thefloorat I. Thetopof Figure28
correspondsto theforwardareaof thecabin.

Fromthisdatait isclearthatthe1s'harmoniccontainsagreatdealof energyin thepropellerplane.The
lightbluelinesinFigure28arethelinesalongwhichthecontroller'smicrophoneswereinstalled.In the
caseof the1S'harmonic,it wouldhavebeendifficult notto intersecttheanti-nodes.Similarscansof the
2ndand3rdharmonicsareshowninFigure30andFigure31respectively.Ascanbeseenin thefigures,
the controller'smicrophonearraydoesnot adequatelysamplethe soundfields for the 2ndand 3rd
harmonics.Thismayhavecontributedto theoptimization'sinabilityto constructanactuatorsetthat
coupledwell totheseharmonicsasdiscussedin thesectionPCOptimization.

Thespectrumtakenfor amicrophonein theforwardcabinin thepropellerplaneis showninFigure32.
TheY' harmonic attains nearly 110 dB SPL and is at least 10 dB above the higher harmonics. The noise

floor is below 70 dB thus providing a range of 40 dB for possible reduction of the 1_'harmonic. However,

maximum noise reduction is limited by the coherence between the noise field and the reference used by

the controller. An estimate of the maximum obtainable noise reduction can be made using the coherence

of the primary field with the synchrophase signal that was used as a reference in the controller. Figure 33

shows the coherence of the microphone with the synchropase signal over the frequency range of 50 to 550

Hz. Table VI lists the harmonic frequencies with associated coherence and maximum noise reduction

possible. It can be seen that if the controller maintains perfect synchrony with the engines, then a

maximum of 20 dB noise reduction is possible on the 1_'harmonic.

Test Configuration

A list of the flight test equipment is given in Table VII and a block diagram of the system is shown in

Figure 34. The control system used 32 microphones and 21 actuator-pairs. The controller, conditioners,

amplifiers and digital tape recorder were arranged in 2 racks as shown in Figure 35 and Figure 36. The

trim panels and seats were not installed in the aircraft.

Controller

The controller consisted of a rack-mounted computer with digital signal processor (DSP), I/O and

synchrophase interface. The DSP board held two TMS320C40 processors. The DSP processors

communicated over a proprietary bus to the 3 I/O boards. Each I/O board had 16 input and 8 output

channels. The synchrophase interface converted the propeller shaft synchrophase signal into a TTL

compatible signal which was then routed into a DSP interrupt. In the DSP, an internal timer was
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synchronizedto theinterruptsignalbya softwarephase-lockedloopalgorithm.ThePLLsettheinternal
timerto operateatamukipleof 48 times the interrupt rate to establish a sampling rate of approximately

1238 Hz that would be directly proportional to the propeller shaft speed (~25.8 rps). Fikers on-board the

I/O boards were set to 723 Hz and provided -18 dB roll-off per octave.

Acquisition

The microphones were Modal Shop 130B10 with 130Pll preamplifier. Microphone specifications are

shown in Table VIII and typical calibration curves for the 130B10 are shown in Figure 37. The

microphones were clamped to the ring frames and protruded into the cabin about 20 cm from the skin as

shown in Figure 38. The microphones were uniformly distributed, 4 mics on a ring frame (as shown in

Figure 39) with the lower and upper microphones roughly corresponding to seated and standing head

heights, respectively. The 8 frames closest to seat locations were instrumented. Twelve accelerometers

where installed on the 1900D ring frame adjacent to the actuators to sample frame vibration during

testing. The accelerometers were of type PCB A352B65 with approximately 105 mV/g sensitivity. The

microphones and accelerometers were connected to PCB 584 signal conditioners. The 584 provides 16

channels of ICP ®power and conditioning. No fikering or gain ranging was done in the 584. All sensors

plus the master and slave synchrophase signals were recorder on a Metrum RSR 512 digital tape recorder.

Actuation

The actuators were of type Motran IFX 15-100. These are inertial actuators made especially for

installation on an aircraft ring frame. A sketch of the IFX 15 is shown in Figure 40 and specifications for

the actuator are summarized in Table IX. Typical response curves are shown in Figure 41 and Figure 42.

The compact size and high force was achieved by the use of Tungsten for the mass. This greatly

increases actuator cost, but, as will be shown later, these high forces may not be necessary in practice,

thus opening the door for cheaper designs.

The actuator resonant frequency (95 hz) was tuned to be just below the 1900D blade pass frequency (103

Hz) to avoid the steep phase change that occurs around resonance. The coil resistance (7.5 f2) was chosen

to be compatible with the Rane MA 6S multi-channel audio amplifiers that were used to power the
actuators.

Actuator A uthority

To provide a basis for estimating the number of actuators that would be needed in the control system, a

preliminary evaluation of the actuator's noise control authority was made on the 1900D in a ground test.
Three versions of the actuator with resonant frequencies of 95, 180 and 267 Hz were installed on the

1900D's ring frame in the prop plane. Ten microphones were placed around the circumference of the

interior (5 microphones per ring frame) to measure the sound field produced by the actuators.

The actuators can be installed either singly or in pairs on the aircraft frame. The relative performance of

single versus paired actuators was measured and is shown in Figure 43. The vertical dashed lines mark 5
harmonics of the bpf and are labeled with the dual, single and difference pressures. As can be seen, an

actuator pair provides close to 6dB more sound pressure for the first 3 harmonics. The responses of a

bolted versus a clamped actuator are compared in Figure 44 to illustrate the effect of using a clamped

actuator during the actuator location survey. The clamped actuator response closely follows that of the

bolted actuator except for around 150 Hz where a clamp resonance comes into play. Although the

resonance does not interfere with the bpf and its harmonics the clamp was subsequently redesigned to
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eliminatetheresonance.

Figure45showstheaveragemagnitudeof thesoundpressureforthe3actuatorstunedto95,180and267
Hz whenthe actuatorsaredrivensingly at full powerat 104,208 and 312 Hz respectively.To
accommodatethetimenecessaryfor manufacturing,it wasnecessaryto estimatethenumberof actuation
channelsneededfor thecontrolsystembeforetheoptimizationanalysiscouldberun.Theestimatewas
basedlargelyonanauthorityargumentwhichassumedthatthecontroleffortwouldbedominatedbythe
first harmonic. Takinginto considerationFigure28, it canbe seenthat the soundfield caneasily
approach115dBin places.FromFigure45,asingleactuatorwouldbe20dB belowthe ll5dB target
anda dualactuator15dB below. Assuminga conservative3 to 4 dB gainin outputperdoublingof
actuators,anestimatecanbemadethat16to 32actuatorpairsareneededforcontrol.Thecontrolsystem
wasdesignedforupto24actuatorpairsasacompromise.

Noise Control Results

The noise control system was tested during two flights conducted in the morning and afternoon of August

12, 1998. The synchrophaser was not working during the morning flight, which greatly reduced the

coherence between the synchrophase signal from the port engine and the interior noise field. As a result,

the noise reduction levels obtained during this flight were disappointing. Fortunately, the synchrophaser

was repaired before the afternoon flight, and good noise reduction results were obtained on that flight.

Most of the discussion here will focus on the second flight, although data from the first flight will be

mentioned briefly to illustrate the impact of low coherence on control system performance.

The section begins with a description of the test procedure. The measured data are discussed next,

including: coherence data for the control system, properties of the transfer function matrices, and noise

reduction results for various test configurations.

Test Procedure

The two flights followed similar flight profiles with different test points obtained during each flight. The

first flight was originally intended to verify stable operation of the control system while controlling

individual harmonics of the bpf. Assuming all went well on that flight, the controller would then be used

for simultaneous control of multiple harmonics during the second flight. Unfortunately the results from

the first flight were quite disappointing because of the inoperable synchrophaser, but nonetheless the

basic plan for the two flights was followed.

The approximate flight profile for both flights is illustrated in Figure 46. The flight began with a climb to

a cruising altitude of 15000 feet, at which point the pilot reduced the engine speed from the nominal

engine speed of 1550 rpm to 1440 rpm. This shifted the propeller blade passage frequency and its

harmonics away from their normal operating frequencies, thereby allowing the control system to measure

the transfer functions between actuators and error sensors at the normal operating frequencies. The

transfer functions were measured by exciting an individual actuator pair with one of the first three

harmonics of the normal bpf while recording the microphone responses.

Once the system identification was completed, the pilot restored the engines to their normal operating

speed and the noise reduction tests were started. The test points obtained during the two flights are listed

in Table X. The first column in the table gives the mn number for the test points; these numbers will be

used in the subsequent discussion of the results. The next two columns contain a description of each test

point and the approximate length in minutes of each test. The notation bpf and 2bpf denote the blade
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passagefrequencyandits secondharmonic,respectively.All of thetestpointslistedin thetable,withthe
exceptionof run 1.2bin thefirst flight,wereconductedwith thecontrolsystemsynchronizedto theleft
(portside)engine.The total elapsedtimesfrom the startof the systemidentificationprocedureto
touchdownforflights1and2were97rainand79rain,respectively.

Beforeeachnoisecontroltest,thecontroller'seffort constraintswereinitializedto veryconservative
values.After thecontrolsystemappearedto beoperatingin a stablefashion,a humanoperatorslowly
reducedtheconstraints,therebyallowingthecontrolsystemto moreaggressivelyreducethemicrophone
responses.Thisprocedureresultedinverylongcontrollerconvergencetimes,whichwill beapparentin
thenoisereductionplots.

Coherence Results

The coherence between the reference signal and the primary noise field determines the maximum possible

noise reduction in a feedforward control system [7,29]. Experimentally measured values of the coherence

are discussed here, including comparisons for synchronized versus unsynchronized propellers, and single

engine versus two engine flight conditions.

The reference signal was generated on the DSP synchronously with the synchrophase signal taken from

the port engine. One would therefore expect relatively good coherence between the reference and the

noise field created by the portside propeller. Because the interior noise field contains contributions from

the port and starboard propellers, the coherence may be reduced, dependent on the precision of the

aircraft's synchrophaser. Another factor contributing to reduced coherence may be the presence of

uncorrelated effects such as aerodynamic buffeting.

For these measurements, the path from the internal reference to the response of each microphone was

treated as a single input/single output system. Denoting the reference signal input by the symbol x, and

the response of a single microphone by y, the coherence at the discrete frequency fk was computed as

d_y (fk 12 ( 27 )

 ;2y(fk): (fk)dyy(fk)

A A A

where Gxy_) is the estimated cross-spectral density, and G_) and G_) are auto-spectral density
estimates. The density functions were estimated using the procedures described in Sections 11.5 and 11.6

of [33].

The primary noise field in the aircraft is not necessarily stationary, which complicates accurate estimation

of spectral density functions. Long records of time domain data are useful for reducing variance in the

estimate due to random noise, but if the characteristics of the signal change over the course of the record,

the resulting estimate will be biased. As a compromise between variance and stationarity considerations,

the spectral density functions were estimated by averaging 15 data records of 1200 points each. The

records were nearly consecutive in the time domain, but the time required to upload each 1200 point

record from the DSP to the computer prevented continuous records from being accumulated. As a result,

no overlap was used between adjacent records when computing the spectral density estimates. Assuming

a nominal engine rate of 25.8 rps, the sample rate was

1238.4 Hz = (25.8 rps) * (48 samples/revolution).
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A 1200point datarecordcontainedjust underone secondof data,while the ensembleof records
containedapproximately15secof data,includingthevery smalltimeintervalsfor uploading. The
frequencyspacingof theresukingspectraldensityestimatewas

1.03Hz= (1238.4samples/second)/ (1200 samples).

Figure 47 shows the coherence between the reference and the microphone responses, as measured during

the second flight before mn 2.5a (see Table X). The x-axis denotes the microphone channel ranging from

1 to 32, except for channel 7 which was inoperable during the tests and therefore is not plotted. The

coherence is shown at the first three harmonics of the blade passage frequency, which are denoted as bpf,
2bpf, and 3bpf. The coherence values are generally high, and show a slight drop with increasing

harmonic number. One would expect to see greater microphone to microphone variation at the higher

frequencies where the wavelengths are shorter.

The relatively high coherence values shown in Figure 47 can be contrasted with those in Figure 48, which

were measured during the first flight when the synchrophaser was inoperable. During this first flight, the
two propellers were essentially acting as independent noise sources at the blade passage frequency and its

harmonics. Because the reference signal was only synchronized to one of the engines, the primary

response due to the other engine acted as an incoherent noise source, greatly reducing the overall
coherence values.

The coherence was also measured with one engine running at a reduced speed, thereby removing its
contribution to the primary noise field at the first several harmonics of the normal blade passage

frequency. These data were measured during a preliminary flight test in May of 1998, and were

computed using the procedure described above. The coherence with only one engine running at the

normal operating speed is shown in Figure 49, while the coherence with both engines running at the

normal speed is shown in Figure 50. There is a slight drop in coherence when the second engine is added,

but the change is very small, and is certainly within the range of experimental error. Note that the data in
Figure 47 and Figure 50 were measured several months apart but represent the same operating conditions,

and therefore indicate some of the variability in the primary noise field.

System Identification

A feedforward control system requires a model of the transfer functions between control actuator outputs

and error sensor inputs to correctly update the control filter weights. These transfer functions can be

measured in a number of ways, either on-line while the controller is running or off-line, as was done for

the current flight test. The conditioning of the transfer function matrices at the three bpf harmonics is
discussed here.

The transfer functions were computed in-flight before the controller was tumed on, with the engines

operating at a reduced rpm. The measurements were done with one actuator and at one frequency at a

time to maximize the coherence from the actuator input to each microphone response. Assuming the time

history of the input to the i*hactuator is denoted by x and the response of the j,h microphone is y, the

(i,j) *helement of the transfer function matrix was computed as
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(28)

A A

The quantities G xy_) and G x_) are cross-spectral and auto-spectral density function estimates,
respectively. The density functions were measured using the same data record length and bin spacing that
were used for the coherence measurements described above.

The condition number of the transfer function matrix at each frequency from ground test and the morning

and afternoon flights, is listed in Table XI. The condition number is the ratio of the largest to the

smallest singular value of the matrix and indicates the degree of ill-conditioning in the matrix. The

condition number at the first harmonic in both flights is very high, and indicates some ill-conditioning in

the transfer function matrix. The ground based condition number is much lower. From the theory of

feedforward adaptive control algorithms [11,17], a high condition number means the convergence times

for the last PC will be much greater than for the first PC. Depending on the primary noise field, this

could also mean the last few PCs will require much greater control efforts than the first PCs. The

condition numbers at the second and third harmonics of the bpf are not as high, and as a result there

shouldn't exist such a wide discrepancy between the convergence times of the first and last PCs at this

frequency.

It should be noted than in a normal filtered-x LMS controller, the high condition number at the first

harmonic would have a negative impact on the convergence of the control system, but its effect on the

PC-LMS algorithm is not as pronounced. The PC-LMS algorithm provides a means to set different step

sizes for each PC, and thus PCs with very long convergence times can be given larger step sizes to

accelerate their convergence.

Table XII lists the infinity norms of the transfer function matrices, where the infinity norm is defined as

the maximum singular value of the matrix. This number gives a rough indication of the gain of the

control system at each frequency, since the transfer function matrix describes the microphone responses

when a unit amplitude sine wave is input to a control actuator. As with the condition numbers there is a

general similarity between the infinity norms measured during the morning and afternoon flights. This is

a very crude metric indicating the properties of the transfer function matrices did not change excessively

between the two flights. However, the difference between the in-flight and ground-based infinity norms

suggests a significant change in conditions.

The in-flight values in Table XII indicate the gain of the control system was at least three times greater at

the first harmonic than at the higher harmonics. This indicates the reduced authority of the control system

at the higher harmonics, and is likely a result of the mechanical properties of the control actuators. The

natural frequency of the actuators was designed to be 95 Hz, which is close to the norminal bpf of

103 Hz, and thus the response of the actuator would be expected to drop off significantly at 203 and

309 Hz, the frequencies of the second and third harmonics.

First Harmonic Results

We begin the discussion of noise reduction results with measured reductions of the first harmonic of the

blade passage frequency, at approximately 103 Hz. As in all of the noise reduction tests, the control

system was operated very conservatively; constraints were set high initially, and were slowly reduced

after the control system appeared to be stable. This resulted in long convergence times, which were

acceptable for these tests since it was more important to demonstrate predictable, consistent operation of
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thecontrolsystemthanrapidconvergence.

Theaveragesoundpressurelevel(SPL)overthemicrophonearraybeforecontrolwasappliedis shownin
Figure 51. Thesedatawere measuredduring run 2.1a during the afternoonflight, when the
synchrophaserwasoperational.Notethatmicrophone7 in the32-microphonearraywasnotworking,
hencetheresultshereareaveragedacrossthe 31 workingmicrophones.TheSPLof thefirst three
harmonicsof thebpf in theplotare105,97,and88dB,respectively.Thetoneat approximately160Hz
is associatedwith theenvironmentalcontrolsystemon theaircraftandwasnot targetedby thenoise
reductionsystemduringthesetests. Singlefrequencycontrolof thebpf wastestedduringrun2.1a. A
timehistoryof theSPLof thebladepassagefrequencyaftercontrolwasturnedonduringrun2.1ais
showninFigure52. ThesolidlineshowstheaverageSPLmeasuredatapproximately1secondintervals
duringthe6.75minutetest.Thedashedlineandthedottedlinearepredictionsofthenoisereductionthat
takeintoaccountthecontroleffort constraints;thedashedlinealsofactorsin themeasuredcoherence,
whilethedottedlineassumesunitycoherence.Theeffortconstraintswereincrementallyreducedduring
thetest,hencethe "stairstep"appearanceof the predictednoisereduction. The averageSPLafter
6.6minutesisshowninFigure53.

Theresultsdemonstratebothdramaticnoisereductionandconsistent,predictableperformanceby the
controlsystem.Thebpf wasreducedby nearly15dB,averagedacrossall 31microphones,sixminutes
afterthecontrolsystemwasturnedon. The measured reduction closely matches the prediction that

factored in both the coherence and the control effort constraints, indicated by the dashed line in the Figure

52. The SPL decreased in a consistent fashion during the test, and appeared to be leveling off towards the
end of the test.

Time histories of the peak voltage inputs to the 21 control channels are shown in Figure 54. These

voltages were computed on the DSP and therefore represent the outputs of the digital to analog (D/A)

converters before amplification. The D/A's had a maximum output of _+10 Volts, and the control system

was programmed to automatically shutdown when an actuator control signal exceeded this level. The

voltage traces in the figure indicate an actuator control signal exceeded the limit, which ended the noise
reduction test.

A comparison of microphone responses before and after control is shown in Figure 55 and Figure 56.

The microphones are located at intersections of the lines in the figure; a level for the malfunctioning

microphone was computed by interpolating between neighboring microphones. Comparing the levels in

the before and after plots illustrates that significant noise reduction was produced throughout the aircraft
interior.

Further evidence of the predictable performance of the control system is provided by plotting the

estimated versus the measured control inputs, in terms of the principal components of the control system.

The control inputs were computed in terms of the PCs of the control system and were then transformed

into actuator inputs. Time histories of the predicted versus the actual inputs to the first four PCs are

shown in Figure 57.The predictions were computed using ( 11 ) and are indicated by the dashed lines. The

predicted and measured values show good agreement, although the predictions are slightly low for PCs

two and three. The curves indicate these PC inputs had fully converged by ~ 4 minutes into the test.

Although the afternoon flight produced more significant noise reduction than the morning flight, it is still

useful to examine resuks from one of the morning tests. The first harmonic of the bpf was controlled

during run 1.1a. As previously discussed, the coherence between the internal reference signal and the

primary noise field was very low during the first flight because the port and starboard propellers were not
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exactlysynchronizedwithoneanother.A timehistoryof thereductionin thebpf isshownin Figure58.
AsinFigure52,thedashedlineshowsthepredictednoisereduction,includingbotheffortconstraintsand
measuredcoherence,whilethedottedlineassumesunitycoherence.Themeasuredreductioncontainsan
oscillatorycomponentdue to beatingbetweennoisegeneratedby the unsynchronizedpropellers.
Approximately5.5minutesafterthecontrollerwasturnedon, therewasapronouncedreductionin the
amplitudeof thebeating,whentheconvergencerate,/,t,wasincreased.Thisillustratestheabilityof the
controlsystemtotrackcycle-to-cyclevariationsin theprimarynoisefield.

Theimportanceof highcoherenceis indicatedby thelargedifferencebetweenthetwo noisereduction
predictions.If thecoherencehadbeenunitybetweenthereferenceandeachmicrophone,theprimary
wouldhavebeenreducedbyover20dB,but thetruecoherencelimitedthereductiontojustunder5dB.
Themismatchbetweenthetwo predictionsalsoservesto emphasizetheimportanceof includingthe
coherencein anyofflinepredictionofthenoisereductionperformanceof acontrolsystem.

Second Harmonic Results

The second harmonic of the blade passage frequency was controlled during mn 2.6a of the afternoon

flight. The reductions were much smaller than for the first harmonic, and the results indicate this was due
to a limitation of the actuator authority, not due to low coherence.

The time history showing the measured reduction in the SPL of the second harmonic of the bpf is plotted

in Figure 59. The maximum reduction was slightly over 4 dB. There is relatively little difference

between the predicted noise reduction computed with and without the measured coherence, as indicated

by the dashed and dotted lines, respectively. As with the results from run 2.1a during the afternoon flight,
there is generally good agreement between the dashed line and the measured noise reduction, after the

control system had converged. The similarity between the two predicted noise reduction curves indicates

that the coherence was not a limiting factor during this test.

The maximum voltage inputs to the control actuators are shown in Figure 60. A single actuator exceeded

the _+10 Volt limit, stopping the control system 3.25 minutes into the test. It should be noted that the
control effort constraints were all reduced to zero during this test in an attempt to improve the noise

reduction performance.

The predicted and measured control inputs to the first four PCs are shown in Figure 61 where the

predictions are indicated by the dashed lines. As with control of the bpf, there is good agreement between

the actual performance of the control system and the predicted performance, and the inputs to the first
four PCs appeared to have converged to their final values during the test.

Since neither the coherence nor the effort constraints were limiting the noise reduction performance, and

because the control system appeared to be doing exactly what the predictions said it would do, we

conclude that the coupling of the actuator array to the primary noise field must have been insufficient at

this frequency to produce good noise reduction. Poor coupling could be due to poor placement of the
actuators and/or the microphones. These factors become more important at higher frequencies where the

wavelengths are shorter. Lack of actuator authority could also have been due to the reduced output of the

control actuators, which were tuned to 95 Hz, well away from the 206 Hz nominal frequency of the

second bpf harmonic.
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Multi-Frequency Results

We next discuss the results of two tests, conducted during the afternoon flight, in which the first three

harmonics were controlled simultaneously. The goal of the first test (run 2.1b in Table X) was to
minimize a linear summation of the levels of the three harmonics. From the uncontrolled harmonic levels

shown in Figure 51, this amounted to reducing the bpf first, then the second harmonic, and then applying

any remaining control authority to the third harmonic. The goal of the second test (run 2.3a in Table X)

was to minimize an A-weighted summation of the harmonic levels. This amounted to reducing the third

harmonic, followed by the second, and then the bpf. Because of the controller's low authority at the

second and third harmonics, the end result of these two tests was similar; small reductions were obtained

at the two higher harmonics, because most of the control energy was spent where it was most efficient, on

the bpf.

The results of each test are summarized in five plots here. Three of the plots show time histories of

measured and predicted reductions at the three harmonics; one plot shows actuator input voltages; and

one plot shows the convergence of a cost function consisting of either a linear or A-weighted summation
of the SPL at the three harmonics.

Linear Cost Function

Measured and predicted reductions of the first three harmonics, from mn 2. lb, are shown in Figure 62

through Figure 64. The test was approximately six minutes long, and produced noise reductions at the

first three harmonics of 10.2 dB, 3.3 dB, and 1.6 dB, respectively. The measured noise reductions at the

three frequencies agree well with predicted reductions. Time histories showing the reduction in a linear

and an A-weighted summation of the three harmonics are plotted in Figure 65. The linear cost was

reduced by slightly more than 8 dB during the test.

The actuator input voltages are shown in Figure 66. The inputs to two actuators exceeded the voltage
limits of the D/A converters at the end of the test.

A-weighted Cost Function

Figure 67 through Figure 69 show reductions in the first three harmonics when the cost function consisted

of an A-weighted summation of the harmonic levels. Due to the inability of the control system to achieve

good noise reduction in the higher harmonics, there are few differences between these results and those

obtained from run 2.1b described in the preceding section. Measured reductions in the first three

harmonics of 9.9 dB, 2.3 dB, and 2.6 dB, respectively, were obtained. Compared to the results from run

2. lb, there was an improvement at the third harmonic, from 1.6 dB to 2.6 dB of reduction, but this came

at the expense of the second harmonic, which was only reduced by 2.3 dB in this test.

A time history of the cost function reduction is plotted in Figure 70. The A-weighted reduction of the

three harmonics was just over 4 dB, which is nearly identical to the reduction that was obtained in mn

2. lb. The linear reductions were also nearly equal for the two tests. Note that approximately 5.5 minutes

into the test it became clear that no appreciable reduction could be obtained at the second and third
harmonics, so the effort constraints on the first harmonic were relaxed. This is the reason for the sudden

increase in the reduction of the blade passage frequency evident in Figure 70.

The time histories of the maximum actuator input voltages are shown in Figure 71. The input to one

actuator exceeded the limit, shutting down the control system at ~ 6.5 minutes.
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Control During Descent

In mn 2.7a, a multi-frequency control test was performed during descent through landing to study the

robustness of the control system to altitude changes. It is well known that the stability of a filtered-x type

of controller, upon which the PC-LMS algorithm is based, depends on the accuracy of the transfer

function matrix between actuators and sensors. This matrix was measured in-flight at cruising altitude

where the aircraft cabin was pressurized. As a result this test provided a simple means to assess whether

or not these transfer functions were sufficiently accurate for the control system to remain stable on the

ground when the aircraft was unpressurized.

The test lasted 17 minutes, the first 8 of which took place at normal cruising altitude at normal engine

torque levels. After 8 minutes, the pilot throttled back the engines, which greatly reduced the primary

noise field. In an attempt to re-establish a 0 dB reference point for the control system the control filter

weights were reset to zero, and this reset operation will be apparent in the plots discussed here.

Reductions in the first three harmonics are shown in Figure 72 through Figure 74. It is important to note

that the noise reductions were computed relative to the primary noise field at 0 minutes and are, therefore,

incorrect when the engine torque is reduced (thereby reducing the primary noise field). Nonetheless, the

values indicate the control system remained stable for the duration of the test. The large variation

apparent near the end of the test was caused by the feathering of the propeller blades, which temporarily

increased the interior noise levels. The predicted noise reductions are also plotted, and generally agree

well with the measured values for the first eight minutes.

The time histories of the maximum actuator input voltages are shown in Figure 75. The effect of resetting

the weights eight minutes into the test is apparent in this plot. Note that just before the eight minute

mark, the weights were maintained close to but still below the limits of the D/A hardware. This

demonstrates the effectiveness of the control effort constraints for maintaining steady operation of the

control system.

Reduced Configuration

The optimization results indicated that the potential existed for a reduced system configuration to achieve

85% of the noise reduction of the full-up system. An 8 microphone by 12 actuator system was tested in

run 2.5a. The 8 microphones were those at head height in the first 4 rows of the cabin. This would

demonstrate the effect of controlling only the area in the prop plane on the rest of the cabin. The

positions of the 12 actuators are shown in Figure 76.

The uncontrolled and controlled sound fields are shown in Figure 77 and Figure 78, respectively. The

overall sound level is reduced about 5 dB. There is no indication of global control, the sound field being

reduced for the most part only at the 8 controlled microphones. At the 8 controlled microphones the noise

reduction was approximately 10 dB.

The optimization procedure predictions are compared with those actually achieved in Table XIII. Clearly

the system did not perform as expected for all 3 harmonics. This is further indication of the effect of

cabin pressurization on the structural acoustic system. As mentioned earlier, the reduced configuration

has little margin for error and is thus a good benchmark for the optimization procedures predictions.

These results emphasize the need for good noise reduction predictions if optimization is to be used to

design lower cost control systems.

23_



Discussion

The PC-LMS controller performed extremely well. The PC domain perspective of the control system is

both informative and instructive. The ability to adjust the convergence rate and effort penalty for each

principal component in each frequency provides comprehensive versatility. The only drawback to this

kind of implementation is the difficulty in defining the correct settings for all the parameters (the 3

frequency, 18 PC controller had 108 parameters). During the flight test a human operator slowly relaxed

the effort penalties until maximum noise reduction and drive force were reached. In practice these terms

would either be computed ahead of time or set adaptively in real time. For example, an outer loop

controller, possibly in fuzzy logic, could be implemented to accomplish this task.

At first glance, the optimization procedure seems to have done a fair job of predicting the controller's

performance during the multi-frequency, full-up test, runs 2. lb and 2.3a, see Table XIV. The predicted

overall linear reduction is 12.9 dB while that achieved is 8.1 dB. However, the poor performance in the

second and third harmonics becomes evident in the A-weighted numbers with a predicted reduction of
10.8 dB and an achieved of 4.4 dB.

A factor contributing to the loss of performance was that the in-flight transfer functions had changed

enough so that the primary source principal components had shifted. Figure 79 and Figure 80 are the

primary source principal components for the bpf for ground and flight transfer functions. Note how the

acoustic power is shifted to the higher order PCs where actuator authority is reduced. The overall effect

might best be appreciated by viewing Figure 81 and Figure 82 which are plots of potential noise control

for each PC in dB versus the fraction of maximum control power necessary for both the ground and flight

cases. The potential noise control is derived by cumulatively summing the primary source PCs.

NC i = 101ogl0

i

ZP_

1.0 j=l
18

j=l

=1...18} ( 29)

Where NC i is the potential noise reduction in dB for the i th PC. The fraction of maximum control power is
found by normalizing the cumulative control power to the maximum power.

Z(vSY
Cp i _ j=l [i=1""18} (30)

CPm.x

Where CPi is the control power fraction, CP.....is the maximum control power and v_''a is the computed

control force from ( 11 ). Notice that, for the ground case, the fundamental's 13.5 dB reduction is

achieved at 25% power. For the in-flight case, the 10.2 dB figure is not reached until close to 50% of the

available actuator power is consumed. In multi-frequency control, the loss of authority snowballs

because if more power is used to reduce one frequency, less is available at another, where loss of

authority has already taken a toll.
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Despitethelossof controlauthority,thecontrolsystemachievedgoodnoisereductionatrelativelylow
powerlevels.In Figure52,thebpf isshownto bereducedabout12dB at4minutesintothetest. From
Figure54, it canbe seenthat themaximumactuatorvoltageat 4 minutesis under7.5Vp. This is
equivalentto 50%of availablemaximumpower,or about7 watts,on themostutilizedactuator.The
otheractuatorsareoperatingwell belowthis level. If the systemwereto beoptimizedusingflight
transferfunctions,lowerpowerlevelsmaybepossible.Theselow powerlevelsmightenablea lighter,
lessexpensiveactuator,makingthewholenoisecontrolsystemcheaper.

Conclusions

Active Structural Acoustic Control (ASAC) been shown to be an effective aircraft interior noise control

method. The ASAC system achieved good control of the blade passage frequency at low power.

However, the ASAC system did not meet performance expectations, especially at higher harmonics. This

has been shown both analytically and experimentally to be caused by changes in the dynamics of the

structural acoustics of the aircraft brought about by cabin pressurization.

The PC-LMS control algorithm has been demonstrated to achieve significant noise reduction. The ability

to individually adjust the control effort penalty and convergence rate of each orthogonal virtual control

channel provides a means to increase both the stability and performance of the control system. The

principal component domain transformation has also been shown to be a diagnostic tool useful during

actuator location optimization and post processing analysis of the control system.

The locations for the actuators were optimized using a goal-directed combinatorial search. The method

coupled actuator force constraints and coherence limits to produce a realistic prediction of a candidate

system's noise reduction. The noise reduction predictions were computed using actuator transfer

functions acquired during unpressurized ground tests. The use of the unpressurized transfer functions is

shown to bias the optimization, reducing the effectiveness of the control system when the cabin is

pressurized at cruise altitudes.

It is finally concluded that if an ASAC system is to reach full potential, then the transfer functions used in

the controller and during actuator location optimization, must reflect in-flight, pressurized conditions.
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Tables

Table I. Components of Tabu Search Algorithm

Component Description

Cost Function Predicted Noise Reduction

Candidate Pool Database of Possible Actuator Locations

N.

State

State Space
Current State

Number of Elements in Pool

Number of Elements in Desired Array
Number of Iterations in Search

A Subset of the Pool of Size, N_

Set of All Possible States (Subsets)

Present Location of Search

Best State State with Lowest Cost Function

Move Function

Neighborhood
Tabu List

Swap 1 Element of Subset with 1 from Pool

All States 1 Move away from Current State

List of All Previously Visited States

Table II. FEA Noise Control Predictions

Condition 104 Hz AdB 208 Hz AdB 312 Hz AdB 416 Hz AdB 520 Hz AdB

Ground -17.9 -2.6 -1.8 -3.6 -4.1

In-Flight - 13.1 No Control
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Table III. Actuator Locations

Actu_or Frame Bay 12
Number Actu_or

1 1 15 x

2 1 20 x

3 2 1 x

4 2 4 x

5 2 11

6 2 17 x

7 3 14 x

8 3 17 x

9 4 4 x

10 5 4 x

11 5 17

12 6 4 x

13 7 11 x

14 9 4

15 9 15

16 9 17 x

17 10 11

18 13 17

19 14 4

20 15 17

21 16 4

Table IV. Predicted Noise Reduction for 21 Actuator Configuration

Weighting Overall, dB 1 st Harmonic, dB 2 nd Harmonic, dB 3 rd Harmonic, dB

Linear -12.9 -13.5 -8.6 -6.3

A-weight -10.8 -13.5 -8.7 -6.4
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Table V. Raytheon 1900D Specifications

PERFORMANCE U.S. METRIC

Max Cruise Speed 288 kt

Certified Ceiling

Max Range

25,000 ft

1,575 nm

533 kph

7,620 m

2,919 km

ENGINES: Pratt & Whitney

PT6A-67D 11,279shp I

WEIGHTS U.S. METRIC

Basic Operating Weight
Useful Load

10,615 lb 4,815 kg

6,445 lb 2,923 kg

DIMENSIONS(External) U.S. METRIC

57.9 ft 17.7 mWingspan

Max Airplane length

Max Tail Height

57.8 ft

14.9 ft

17.6m

4.6m

DIMENSIONS(Internal) U.S. METRIC

Length 407 in 1,034 cm
Width 54 in 137 cm

Height 71 in 180 cm

Table VI. Coherence of Primary Field

Frequency, Coherence Noise
Hz Reduction

103 0.988 19.1

206 0.934 11.8

309 0.861 8.6

412 0.859 8.5

515 0.827 7.6
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Table VII. Equipment List

Item Number

Controller

Rack-mount PC 1

DSP Board 1

I]O Board 3; 48 in; 24 out

Tach Interface 1

Acquisition

ICP Conditioners 3; 48 channels

Microphones
Accelerometers

Digital Tape
Control

32

12

48 channels

Amplifiers 4; 24 channels

Actuators 24 pairs
Misc.

Oscilloscope
Monitor

Keyboard
Mouse

Table VIII. Specifications of 130B10

Response

Sensitivity

Frequency

Range
Noise Floor

Free-field

35mV/Pa

20-7,000 Hz

(+ 1 dB)

15 dB SPL

Linearity(<3%) >128 dB SPL
Saturation Pt. 132 dB SPL

Directivity

Temp. Effects

Omnidirectional

-10 to 65 ° C

<+0.5 dB
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Table IX. Specs for IFX 15

Peak Force 75 N (17 lbf)

@ 103 Hz

Power 12 W

Resistance 7.5 f2 (DC)

95 HzResonant Freq.

WeiGht
Dimensions

245 gm (0.5 lb)
64x25x36 mm

(2.5xlxl.4 in)

Table X. Test Points

Run

No.

1.1a

1.2b

1.3a

1.5a

1.7a

1.8a

1.9a

Flight 1
Event

System Identification

bpf

bpf, right engine

2bpf

3bpf

bpf, 8x12 configuration

bpf, 8x8 configuration

bpf, descent

Time

(rain)
23

5

7

5

4

4

20

Run

No.

2.1a

2.1b

2.3a

2.5a

2.6a

2.7a

Flight 2
Event

System Identification

bpf

1,2,3 bpf linear

1,2,3 bpf A-weight

1,2,3 bpf linear, 8x12 cfg

2bpf

1,2,3 bpf, descent

Time

(rain)
28

4

17

Table XI. Condition Numbers OfTransfer Function Matrices

Harmonic Ground Flight l Flight2

1 138.2 533.0 580.0

2 54 38.8 46.1

3 30 21.1 21.1

Table XlI. Infinity Norms Of Transfer Function Matrices

Harmonic Ground Flight 1 Flight 2

15.4 6.48 5.80

2 3.7 1.92 1.81

3 2.4 1.18 1.16
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Table XIII. Comparison of Predicted vs. Achieved Noise Reduction for

Reduced, 8x12, Configuration

Overall, AdB 1 st Harmonic, AdB 2 nd Harmonic, AdB 3 rd Harmonic, AdB

Predicted -9.9 -10.5 -6.0 -4.0

Achieved -5.3 -6.1 -0.2 -1.6

Table XIV. Comparison of Predicted vs. Achieved Noise Reduction,
21 Actuators

Weighting Overall, AdB 1 st Harmonic, AdB 2 nd Harmonic, AdB 3 rd Harmonic, AdB

Predicted

-12.9 -13.5 -8.6 -6.3

-10.8 -13.5 -8.7 -6.4

Achieved

-8.1 -10.2 -3.3 -1.6

-4.4 -9.9 -2.3 -2.6

Linear

A-weight

Linear

A-weight
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Figure 3. Actuator Mounted in Clamp

9

@TBD

Figure 4. Actuator Locations Sampled on 1900D Frame
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Figure 5. Total Noise Control, Linear
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Figure 6. Total Noise Control, dBA
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Multi Frequency Control, Zwicker
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Figure 7. Total Noise Control, Zwicker
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Figure 8. Typical Singular Values
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Figure 9. PCs Using a Random Actuator Set
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Figure 10. PCs optimized Using Nominal Constraints

37



0.45

1 2 3 4 5 6 7 8 9 10 11 12

Prhna13r Source Principal Components

Figure 11. PCs Optimized Over Constrained
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Figure 12. Sensitivity of Noise Reduction on Composite
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Figure 15. Bay Locations on 1900D Frame
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Figure 16. Actuator Mounting Locations on 1900D
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First HaHnonic Forces
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Figure 17. Actuator Forces, 1st Harmonic
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Second Harmonic Forces
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Figure 24.Raytheon/Beech1900D

Figure 25. 1900DPassengerCabin
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Figure 26. NRL Mic Rig in 1900D

Figure 27. Mic Rig Detail Drawing
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High DenSi_ Scan at 1550 RPM (SPL 1st HarmOnic)
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Figure 28. Pressure Map at 103 Hz.
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Figure 29. Sketch Showing Area of Scan
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High Density Scan a_ 1550 RPM (SPL 2nd Harmonic)
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Figure 30. Pressure Map at 206 Hz
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Figure 31. Pressure Map at 309 Hz
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Pressure at Typical Microphone in Forward Cabin
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Figure 32. Spectrum of Typical Microphone
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Figure 35. Controller Rack

Figure 36. Tape Deck Rack

51



Typical 130B 10 Sensitivity
0.04

>
E 0.03

.8
•_ 0.02

¢g?

0.01
0

10

i i i i i i

1000 2000 3000 4000 5000 6000 7000

0

lO
""----_,,,__.,,_20

.... o' o'30 1000 2000 3000 4000 5 00 6 00

Frequency, Hz

Figure 37. Sensitivity of 130B10

7000

Figure 38. 130B10 Mounted on Frame

52



_iiiiiiiiiiiiiii_i,,,,,,,,

!iiiiiiiiiiiiii

!iiiiiiiiiiiiii
iiiiiiiiiiiiii
iiiiiiiiiiiiiil
iiiiiiiiiiiiiii'

i 7 ::::::::::::::::w

iiiiiiii!

iiiiiiiiiiiiiii!
iiiililililililil

iiiiiiiiiiiiiiii_
iiiiiiiiiiiiiiill

Figure 39. Microphone Locations

II I I II

t--
.m

o

v

E
E

LO

¢q

/(O

OI

64 mm (2.5 in)

r-

E

E
_o
,cO

Figure 40. Sketch of IFX 15

53



Actuator Force Oul mt
100

90

80

70

60

5o

40

30

20

10

0
0

i_ i: i :

100 200 300

Flequency

i

400 500
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